Tetrahymena is a ciliated protozoan which has two nuclei: a micronucleus, which maintains the genetic continuity of the cell, and the macronucleus which is derived from the micronucleus after sexual conjugation. A macronuclear DNA library was constructed to contain DNA ends. A probe containing C4A2 repeats which are known to be present at macronuclear DNA ends (1) was used to screen the library. Three clones were characterized by sequencing, restriction enzyme mapping and Bal 31 digestion. The data indicate that these three clones represent macronuclear DNA ends which were generated by DNA fragmentation during macronuclear formation. The sequencing data at the C4A2 repeat Junction show a conserved sequence of five nucleotides, TTATT. Sequences further away show no obvious homologies except that they are highly enriched in AT. This structure is quite different from the subtelomeric sequences of other organisms.
INTRODUCTION
Telomeres, the ends of eucaryotic chromosomes, are specialized structures which play an important role in the completion of replication of linear DNA molecules and providing stability to the chromosome. The termini of several lower eucaryotes have been found to be similar to each other and consist of simple tandem repeats, e.g., C4A2, C4A4, C3TA2, C3TA n , C^-gT, and Cj_3A in the holotrichous, hypotrichous dilates, trypanosomes, Phyaarum rDNA (ribosomal RNA gene), Dictyostelium rDNA and yeast, respectively (2) .
Tetrahymena, a ciliated protozoan, is a good model system for the study of telomeres because of the abundant chromosome ends in the somatic nucleus (i.e., macronucleus). The macronuclear DNA makes up 95J of the nuclear DNA, divides amltotically, and is responsible for the phenotype of the cell. The raacronucleus Is derived from the micronucleus after each sexual conjugation.
During macronuclear formation, the five micronuclear chromosome pairs are fragmented Into several hundred subchromosomal-sized pieces, ranging in size from 21 kb (the rDNA molecule) to greater than 1100 kb (3) . As judged by sensitivity to the double-stranded exonuclease Bal 31, many and perhaps all, C IRL Press Limited, Oxford, England.
of these subchromosomal DNAs contain C4A2 repeats or similar sequences at their ends (1) . Although the lack of chromosome condensation In the macronucleus has precluded the cytological analysis of the chromosomal structure, we shall refer to the natural duplex ends in the DNA as chromosome ends or telomeres.
Formation of the rRNA gene in the Tetrahymena macronucleus involves both fragmentation and telomere addition. During macronuclear formation, the single copy present in the mlcronucleus is excised, leaving free ends on both sides and forms a head-to-head ditneric palindromic copy (4) (5) (6) (7) (8) (9) .
Although 20-70 tandemly repeated copies of C4A2 are present at each end of the macronuclear rDNA molecules (10) , there is only one C4A2 at the 3' end of the raicronuclear copy (11) . Nearly 2 kb of the 5' junction of the micronuclear rDNA has also been sequenced, and not a single C4A2 is found (9) . Therefore, addition of C4A2 repeats to newly formed ends mist be an integral part of the macronuclear development.
So far, the molecular characterization of Tetrahymena macronuclear DNA ends has been limited to the rDNA molecule. Since the rDNA is a very specialized molecule, being the most amplified and the smallest molecule, it might not be representative of other Tetrahymena telomeres. In order to better understand general telomeric characteristics, we have cloned Tetrahynena DNA segments adjacent to macronuclear chromosome ends. Three of the recorabinants, chosen for the presence of C4A2 repeats, were analyzed.
The data show that all three clones contain perfect repeats of C4A2, and share a five nucleotide sequence homology in the region immediately adjacent to it.
MATERIALS AND METHODS

Cell Cultures and DNA Isolation
Tetrahymena thermophlla inbreeding strain BIV was grown in axenic medium and nuclei were prepared as described by Gorovsky et al. (12) . The nuclear PNA was isolated by phenol extraction as described previously (13) .
DNA Cloning
The construction of a library which contains macronuclear DNA ends is illustrated in Figure 1 . High molecular weight Tetrahymena DNA was obtained as described previously (13) . After Proteinase K treatment, the DNA was sedlmented on a 15-30? continuous sucrose gradient by centrifugation at 24,000 rpm for 17 hours in a Spinco SW27 rotor at 4°C. Fractions from the gradients were analyzed by electrophoresis in 0.5Z gels using Type V agarose (Sigma) and those fractions containing high molecular weight DNA were pooled and used for cloning. This DNA was gently treated with SI nuclease to provide blunt ends as described by Pickup et al. (14) except that incubation was done at 37°C rather than 55°C. An EcoRI linker was produced by kinasing the Sma I-hexamer (dCCCGGG) and annealing it with the EcoRI-Sma I adaptor d(AATTCCCGGC) as described by Bahl et al. (15) . The phenol extracted Tetrahymena DNA was ligated to the linker DNA. The linker-Tetrahymena DNA was then partially digested with Bgl II to aim for the clonable size range of 7-20 kb, and precipitated with 5Z PEG as described in Lis (16) (18) and plated on the host E. coll strain Q358. The phage were screened for the presence of C4A2 repeats by using band d of pTt2512 (19) for plaque hybridization as described by Benton and Davis (20) .
Gel Electrophoresis and Hybridizations
Agarose gel electrophoresis of DNA, blotting of the DNA onto nitrocellulose filters and hybridization of the filters were carried out as described previously (21, 22) . Hind Ill-digested \ DNA was included in the gels as size markers. Restriction enzymes and Bal 31 were purchased from Bethesda Research Laboratories and New England Biolabs, Inc. Digestion with Bal 31 was carried out as described earlier (8) . The method of Rlgby et al. When searching for cross homology between the \ clones, the hybridization conditions were less stringent, using 60°C rather than 65"C. This linker was blunt-end ligated to high molecular weight Tetrahymena DNA which had been gently treated with SI nuclease. The llnker-Tetrahymena DNA was partially digested with Bgl II and ligated to Charon 30 which had been digested to completion with Eco RI and Bam HI. This protocol should produce clones which have an Eco RI site Immediately adjacent to a DNA end, either real (and therefore containing a telomeric sequence) or artificially generated during DNA isolation. The exonuclease Bal 31 digests DNA free ends (29) . Therefore, when high molecular DNA is treated with Bal 31 and then subjected to restriction Micronuclear and macronuclear DNA with and without Bal 31 treatment, and cloned DNA were digested with Eco RI, separated by size using gel electrophoresis and blotted onto a nitrocellulose filter. Probe A of cTt 1151 and probe B from cTt 1169 and 1175 (see Figure 3) were hybridized to the filters. Figure 4 shows that the Bal 31-treated macronuclear DNAs were definitely shortened. Sequence oi_ the C4A2 Repeats and Adjacent Regions
The three clones, cTt 1151, 1169 and 1175 were sequenced from the Eco RI site adjacent to the C4A2 repeats using the method of Maxara and Gilbert (27) . All three clones contained long stretches of C4A2 repeats. Within each of these clones, different numbers of C4A2 repeats were detected. Two different sizes of C4A2-containlng bands were Isolated from both cTt 1169 
DISCUSSION
We have cloned and characterized three macronuclear DNA ends.
Hybridization of these macronuclear and cloned DNA cleaved with various restriction enzymes showed that 1) the hybridizing micronuclear band was larger than the macronuclear band and 2) the macronuclear and cloned DNA had similar sized bands. Both restriction mapping and Bal 31 sensitivity studies indicate that the cloned DNA represents raacronuclear ends which were produced by micronuclear chromosome fragmentation.
All three of the macronuclear end clones showed multiple perfect repeats of C4A2• However, there was heterogeneity within each clone which was shown to be due to different numbers of C4A2 repeats. In our cloning, it seems most probable that the unstable repeat sequences undergo deletion. Other than the short sequence homology at the critical junction region, we found no other homology in the subtelomeric region, either between or within the clones. Each telomerlc clone contains essentially unique DNA sequence. Probes from both extremes of the cloned DNA hybridize to only one micro-and raacronuclear band (see Figures 2 and 4) . Consistent with this result is the finding that the three clones do not cross-hybridize with each other. This Is certainly unlike the telomere-associated sequences which hybridize to numerous telomeric locations, such as those in yeast (34) , rye grass (35, 36) , and Drosophlla (37, 38) .
In addition, our subtelomeric regions showed no repeats which are commonly found in other organisms. For instance, the Physarum and Dictyostelium rDNA molecules, trypanosomea and yeast carry several tandemly repeated teloraere-associated sequences of unit lengths of 140, 29, 29 and 36 bp respectively (39) (40) (41) (42) .
The present analyses show some similarities to the hypotrichs which also contain unique sequence associated with the macronuclear DNA termini (43, 44) .
The macronuclear DNA in hypotrtchs consist of very short, gene-sized pieces (45) , all of which contain a short, specific terminal repeat of C4A4 (46) (47) (48) .
In addition, Euplotes aediculatus has been shown to contain a common sequence of five bp (TTGAA) which appears 17 nucleotides from the C4A4 junction (47) .
However, the much larger macronuclear DNA fragments of Tetrahymena have heterogeneous and long lengths of C4A2 repeats. Importantly, our telomeric clones showed that they have different starting points for the C4A2 repeats.
For the sake of convenience, we have been using the terminology of C4A2
repeats. However, as a repeat sequence it could also consist of any of the six permutations such as CCAACC or CAACCC, etc. Our three clones show that the repeat has no fixed starting point. It is 5'-CCCCAA-3' in rDNA (31) , but in the present macronuclear ends, it is 5'-AACCCC-3', CAACCC and ACCCCA (see Figure 5B ). The only consistency is each clone's uniqueness. At present the biological significance of the different C4A2 composition is not known. The exact rule of initiation and addition of the telomeric sequences remains to be determined.
